• The aim of this study is to assess the impact of drought on insect-tree relationships. Survival and feeding performances of leaf-beetles, Chrysomela populi put in cages with leaves of host-plants submitted to different levels of water stress were compared.
INTRODUCTION
The increase of atmospheric greenhouse gas concentrations, essentially due to human activities, induces global climate change. Various observations point out an increase in the frequency, intensity and duration of extreme climatic events, such as droughts, floods, warm and cold waves (IPCC, 2001; Meehl and Tebaldi, 2004; Saxe et al., 2001 ).
with plant-insect relationships via changes in leaf nutritional quality (nitrogen, water and metabolite content, leaf mechanical resistance), and host location (acoustic waves from cavitation, volatile metabolites, leaf colour) (see review by Mattson and Haack, 1987) . The interaction can be either beneficial or disadvantageous for the insect, so that its overall response may be located on a gradient between two extremes: insects having better performances on stressed trees (Plant Stress Hypothesis, White, 1969) or choosing vigorous plants (Plant Vigour Hypothesis, Price, 1991) , or a combination of both but in different life stages (Bjorkman, 1998) .
The aim of this study was to assess the plant-mediated impact of soil water deficit on insect survival and feeding, and thus to observe changes in insect behaviour.
Poplar is used as a model tree, because of its rapid and pronounced responses to environmental conditions, notably drought and biotic factors, its easy vegetative reproduction and its worldwide studies (Bradshaw et al., 2000) . Chrysomela populi (Coleoptera: Chrysomelidae), a well represented poplar pest in Europe, was chosen as an experimental insect. Its adults (males as well as females) and larvae feed on growing poplar leaves, frequently causing extensive damage in young plantations and short rotation stands (Augustin et al., 1993) . Ideally, we should have worked with the entire life cycle of the insect. However, for practical reasons, this experiment had to be limited to a study of the adult stage feeding and survival.
In our experiments, we subjected trees to two water stress levels to test for non-linear responses by the insects, as recommended by Koricheva et al. (1998) . As suggested by Huberty and Denno (2004) , the phenology of stress, as well as the phenology of the plant, may be a key factor for insect success on stressed plants. Here, we chose to inflict a continuous water stress to the plants.
Soil water status was monitored using volumetric soil water content. This indicator allowed us to know the time of irrigation and the amount of water to give to each plant. Soil water content was maintained constant and different between water treatments. Plant water status was determined using predawn leaf water potential. This method is largely used (Cochard et al., 2001; Kramer, 1988; Turner, 1988) . Drought has an important impact on poplar growth (Tschaplinski et al., 1998) . Growth measurement can thus bring additional information on the stress undergone by the plants (Dobbertin, 2005) . Plant growth was followed using two indicators: height growth and total leaf number. Survival and leaf areas eaten were chosen to reflect insect behaviour on plants.
MATERIALS AND METHODS

Plant material
We used Populus × euramericana (clone "RW401") as experimental trees. This clone is not known to be particularly tolerant or sensitive to insects. It was chosen for this rather neutral relationship to phytophages, and also because Populus × euramericana hybrids are quite common in Belgium. Ninety experimental cuttings were planted in 10 L plastic pots, in a mixture of sand-loam-peat, in March 2005. They were grown outdoors until 5 April 2006, when they were moved for the experiment into a greenhouse on campus at the Université Libre de Bruxelles. Budburst was induced by a temperature of 20
• C/25
• C (n/d). Temperature during the experiment ranged from 15 to 45
• C and relative humidity ranged from 33% to 95%. Cuttings were exposed to natural daylight. They were fertilized with N-P-K: 6-3-3 on 21 April 2006 (4.2 g/pot) and on 27 May 2006 (2.1 g/pot). A complement of chelated iron (EDTA, Chelosan, 50 g/10 L water) was added during this last intervention. Biological control was applied in the greenhouse against thrips (predator: Amblyseius cucumeris) and acarina (predators: Feltiella acarisuga, Amblyseius californicus, Phytoseiulus persimilis) (Biobest Biological Systems). Pest infestations were kept under critical level, but it is possible that pest attacks could have activated plant defense systems, with an impact on herbivore feeding and survival. We have observed that plants from all treatments were similarly infested by mites. Mite density was the same on M, S or T cuttings. So, if plant defences were activated by this pest attack, they would have been equally activated in the different water treatments, and this could not explain the treatment effects observed on C. populi.
Insects
Two hundred young adults of Chrysomela populi were collected on poplars in Orléans (France) and brought back to the lab. They were fed with Populus nigra leaves during two days until the beginning of exposure to the experimental plants.
Experimental design
The ninety cuttings were distributed into 3 spatially randomized water treatments. The pots containing the "T" cuttings (control) were disposed each on a 3.5 cm high dish kept full of water. Irrigation of the "M" (mild water stress) and "S" (severe water stress) cuttings was withheld from 9 May 2006, until expected soil water contents (13% and 10% of volume respectively) were reached, on 14 May 2006 (=day0). They were then watered manually to keep soil water content constant. The choice of used water regimes is based on a predeterminated predawn leaf water potential -soil water content curve. Following this curve (not shown here but see Fig. 2 ), the threshold for stress initiation is about 13% soil water content. Predawn leaf water potential becomes critical when soil water content drops under 10%. The soil water content range inducing plant stress is thus very sharp. We chose levels of soil water content, 13% for M treatment (moderate water stress) and 10% for S treatment (acute water stress).
Water status
Soil water content was measured every day or every second day with a conductivity meter (Thetaprobe ML2, DELTA-T DEVICES LTD, Cambridge, England). Measures were taken at three positions in each pot, using the average in the analyses. Plant water status was determined by measuring predawn leaf water potential twice a week, using a pressure chamber (Kramer, 1988 ; PMS Instrument Co., Corvallis, Oregon, USA). Leaves of rank 7 and 8 (7th and 8th leaves from the end of the tip) were chosen to avoid variability linked to leaf position. Measures were taken on 5 plants per treatment. 
Plant vigour
Height was measured every ten days, from 9 May to 28 June 2006, for all cuttings. Simultaneously, leaf numbers were determined on the same 18 randomly chosen cuttings per treatment. At the end of the experiment, all experimental plants were watered to soil saturation and monitored to verify that they would survive the stress treatments.
Insect survival and feeding
The exposure of cutting to insects began after 42 d of water stress, on 24 June 2006 (day 41) (period 1). Each Chrysomela populi adult was put in a cage with the 5 last leaves of a (non-detached) twig. Two twigs per cutting were used. The sex of the beetles was not checked. The cages were made each from two polystyrene Petri dish lids or bottoms kept pressed together over the leaves by rubber bands, and with the edges coated with polythene foam to ensure maximum tightness. Insect survival and leaf area eaten were determined four days later, and the experiment was repeated once on 30 June 2006 (day 47) (period 2). Leaf areas eaten were measured using an image processing program (MATLAB, The MathWorks, Inc., vers. 7.1) with scanned leaf pictures. Ideally, we should have measured the dry weight of the eaten portions of the leaves. The problem was to measure the initial weight of non-detached leaves. Since this was not possible we chose consumed area as a substitute, with the hypothesis that, on the average, the leaves which were measured had the same density.
Statistical analysis
Statistical analyses were performed using STATISTICA (StatSoft, inc., vers. 7.1). The statistical analysis of time series of measurements was carried out using a linear model where the treatment and time were considered as a factor and a continuous covariate, respectively. The linear model estimated the significance of the treatment, of time, and of the interaction treatment by time. This allowed controlling for the temporal dependency between observations. In the analysis of the soil water content data, we were primarily interested by the effect of the treatment, while in the analysis of the height growth data and total leaf number data, we were primarily interested by the interaction term, i.e. testing if the slope of the regression lines illustrated in Figure 3A and 3B differed. Survival data were analysed using Chisquare test, which is fairly conservative, as a mean to quantify if the proportion of dead individuals is homogeneously distributed in all three treatments. Leaf areas eaten data were analysed using a oneway ANOVA, to test for treatment and leaf rank effects.
RESULTS
Water status
The mean soil water contents (SWC, in volume) (±standard deviation) of different series are: 50.2% (±6.6%) for series T, 13.3% (+4.1%, −3.6%) for series M, and 10.7% (+3.5%, −3.1%) for series S (Fig. 1) . A repeated measures ANOVA was performed on SWC data, and shows a statistical difference between all series (treatment term from the treatment by time full factorial model, F (43,3960) = 45.266, p = 0.0005, post-hoc test: P < 0.001). Predawn leaf water potential (PLWP) increases exponentially, in absolute value, as soil water content drops below 13% (Fig. 2) . This value makes a threshold for water stress initiation. Soil water content and predawn leaf water potential of control cuttings remain above 45% and −0.5 MPa respectively. Minimum soil water content and predawn leaf water potential for S cuttings are 7.6% and −2 MPa. Predawn leaf water potentials of cuttings M and S are statistically different for 11 of the 14 d of measure (Tab. I).
Plant vigour
To quantify height growth, initial height was chosen as a reference point. Height increment of the cuttings is continuous during all the experiment, but faster for series T and slowest for series S. Series M is intermediate. After 44 d of stress treatments, cuttings height increased to +52.6 cm (±6.6 cm) for series T, to +19.3 cm (±5.5 cm) for series M, and to +11cm (±5.1 cm) for series S. A factorial ANOVA performed on logtransformed data shows a statistical difference between series through time (interaction term from the treatment by time full factorial model: F (8,331) = 29.615; p < 0.00005). At the beginning of the stress experiment (day 0), there is no statistical difference between series. S-N-K post-hoc shows a statistical difference (p < 0.00005) between control (T) and stressed cuttings (M and S) appearing on day10, and, on days 21, 31 and 44, all series are statistically different (p < 0.00005).
Plant leaf number is also reduced proportionally to water deficit. To quantify this, we used the initial number of leaves as a reference point. Under well-watered conditions, the total leaf number reaches initials +29 (±16) leaves. In response to water stress, plant leaf number is reduced to initials −6 (±10) for series M, and to only initials −27 (±14) for series S. The older leaves of cuttings M and S senesced and abscised, while new leaf production was slower. No expanding leaf desiccated. A statistical difference between series through time was also confirmed by a factorial ANOVA (interaction term from the treatment by time full factorial model: F (8,253) = 29.996; p < 0.00005). A same trend as height increment was observed in S-N-K post-hoc results: no statistical differences between series for day 0, a statistical difference on day 10 between T and M-S (p < 0.0001), and then a statistical difference between all series for days 21, 31 and 44 (p < 0.00005).
All study plants survived the drought stress treatment. After being watered, they resumed growth and produced new leaves.
Insect survival and feeding
Survival declines with increasing plant water stress, and drops to 52% in the driest treatment, compared to 98% in control (Fig. 3A) . Survival in treatment M is intermediate (77%). The same trend is observed for the second period of the experiment (Fig. 3B ), but overall survival is much lower, probably because of exceptionally warm temperatures in the greenhouse (maximal daily temperature rose above 35
• C during the 4 d of exposure). Survival differs statistically between series in both periods of exposure (Period 1: overall Chi 2 = 28. Leaf areas eaten are reduced with water stress (Fig. 4) . A one-way ANOVA shows a difference between stressed and non-stressed cuttings, but SNK post-hoc tests do not discriminate M and S treatments (Period 1: F (2,82) = 7.42; p = 0.001; SNK: α = 0.002; Period 2: F (2,90) = 7.73; p = 0.0008; SNK: α = 0.002). To take into account the interdependency between the two periods of exposure to the insects, as the same cuttings were used, we divided the degrees of freedom of parametric tests by half. The tests remain significant (Period 1: F (2,41) = 7.42; p = 0.002; Period 2: F (2,45) = 7.73; p = 0.001).
Individual leaf areas eaten over 15 cm 2 are only found for beetles feeding on T cuttings (24% cases for period 1 and 33% cases for period 2). Young leaves (rank ≤ 3) are preferentially attacked by the beetles (one-way ANOVA, F (4,509) = 9.71; p < 0.001) (Fig. 5) .
DISCUSSION
The soil water contents maintained during the experiment in height growth and total leaf numbers. On the stressed plants, the survival of C. populi adults and leaf areas eaten were reduced. According to these results, leaf-beetle survival and feeding seem to be reduced with host-plant water stress. Insect survival was surprisingly low in the second five-day feeding assay relative to the first. Air temperature during the second feeding assay was extremely warm, and could have affected beetle survival. But, as in period 1, an effect of water treatments on beetle survival was highlighted.
Water stress can induce biochemical changes in leaves, such as a decrease in water content (Braatne et al., 1992; Marron et al., 2002) , an increase in nitrogen content (White, 1969; 1984) and changes in condensed tannins and phenylglucoside concentrations. According to the Plant Growth-Differentiation Balance Hypothesis (Cronin and Hay, 1996; Herms and Mattson, 1992; Stamp, 2004) , water and nutrient stresses cause plant growth inhibition more than they slow photosynthesis. This induces an accumulation of soluble carbohydrates, which are allocated to the differentiation pathway. Thus, a mild water stress would reinforce tree defences against herbivores and pathogens. But in the case of a severe water stress, both growth and photosynthesis are inhibited, and the production of carbohydrates is stopped. Plant defense against herbivores should thus be lower. A parabolic response of herbivores and pathogens performances to tree water status is then expected. In our experiment, we subjected trees to three stress levels (no stress, mild stress, severe stress) to test for non-linear responses by the insects (Koricheva et al., 1998) . No parabolic response was found for insect survival, which was reduced proportionally to stress intensity. Regarding leaf areas eaten, no difference between mild and severe treatments can be highlighted in this experiment.
Water stress seemed to induce changes in leaf quality and made it unsuitable for the insects. Drought stress can induce differences in leaf growth: leaves of stressed cuttings can have stopped their growth. As Chrysomela populi adults prefer growing leaves, this could also explain our results. Some physical properties of leaves can be altered by water stress. Leaf toughness can increase with cell walls thickening, and may be an obstacle for insect feeding (Kagata and Ohgushi, 2006; Matsuki and MacLean, 1994) .
It would be of great interest to study the influence of water stress on leaf biochemistry and physical properties, in particular on phenylglucoside concentrations. This new approach may help to know which leaf characteristics are crucial for insect feeding. Plant selection using this knowledge could lead to a decrease in poplar susceptibility to chrysomelids, and to a better biomass production.
